Despite multiple advances in medical imaging, noninvasive monitoring of therapeutic efficacy for malignant gliomas remains problematic. An underutilized observation is that malignancy induces characteristic abnormalities of vessel shape. These characteristic shape abnormalities affect both capillaries and much larger vessels in the tumor vicinity, involve larger vessels prior to sprout formation, and are generally not present in hypervascular benign tumors. Vessel shape abnormalities associated with malignancy thus may appear independently of increase in vessel density. We hypothesize that an automated, computerized analysis of vessel shape as defined from high-resolution MRA can provide valuable information about tumor activity during the treatment of malignant gliomas. This report describes vessel shape properties in 10 malignant gliomas prior to treatment, in 2 patients in remission during treatment, and in 2 patients with recurrent disease. One subject was scanned multiple times. The method involves an automated, statistical analysis of vessel shape within a region of interest for each tumor, normalized by the values obtained from the vessels within the same region of interest of 34 healthy subjects. Results indicate that untreated tumors display statistically significant vessel tortuosity abnormalities. These abnormalities involve vessels not only within the tumor margins as defined from MR but also vessels in the surrounding tissue. The abnormalities resolve during effective treatment and recur with tumor recurrence. We conclude that vessel shape analysis could provide an important means of assessing tumor activity.
Introduction
An ongoing clinical dilemma is how best to assess tumor malignancy and to monitor therapeutic response noninvasively. Noninvasive imaging techniques such as perfusion magnetic resonance (MR) imaging, MR-spectroscopy, and positron emission tomography (PET) have been found useful in grading cerebral neoplasms and in monitoring treatment response. However, no method has yet proven fully reliable (1) (2) (3) (4) , and, at least at our institution, the frequency of both false positive and false negatives by any of these methods has precluded reliance upon non-invasive imaging techniques for clinical decision-making.
An alternative and complementary approach is to analyze the shapes of the larger vessels that can be visualized directly by magnetic resonance angiography (MRA). This method has also been shown to have the potential for discriminating between benign and malignant disease (5, 6) . The approach is based upon the fact that malignancy induces abnormal vessel tortuosity (7-9). These vessel shape changes are not restricted to the capillary bed but also involve much larger, initially normal, vessels that course in the tumor vicinity (10), thus allowing discrimination of abnormal vessels on high-resolution MRA (5, 6, 11) . Of importance, vessel tortuosity abnormalities precede vessel sprout formation (10), thus making abnormal tortuosity a potentially appealing marker for incipient cancers and for malignant tumors without a dense capillary network.
This preliminary report explores the feasibility of using quantitative, computerized calculations of vessel tortuosity to assess the activity of malignant gliomas prior to and during treatment. Our hypothesis is that abnormal vessel tortuosity is associated with active tumor growth, and thus should be present on initial presentation, should resolve during periods of remission, and should reappear with early tumor recurrence. This report also explores the distance from the apparent tumor surface over which vessel shape abnormalities occur, with the idea that the distance over which the tumor exerts its effect on vessel morphology might be as important as the extent of the abnormalities themselves. We conclude that quantitative vessel shape measurements do indeed show promise in monitoring tumor activity. The value of determining the distance over which such abnormalities occur is less certain, however, and will require animal studies to interpret.
Methods
The approach involves a quantitative, statistical evaluation of vessel shape within a region of interest in each tumor patient. The values are then compared to the values obtained within the same region of interest of a healthy database of subjects. Images of thirty-four healthy subjects, ranging in age from nineteen to seventy-four and comprising eighteen females and sixteen males, make up the healthy database. Untreated tumors include nine glioblastomas (GBM) and one grade III glioma scanned prior to initial surgery. Treated tumors include one grade III glioma in remission during treatment, one patient with GBM in remission during treatment and scanned at several time points, and two cases of recurrent GBM following initially successful treatment.
Image Acquisition
Images were obtained upon a head-only 3T MR unit (Allegra, Siemens Medical Systems Inc., Germany) or upon a 1.5T MR unit (Sonata, Siemens Medical Systems Inc., Germany). A head coil was employed. T1, T2, and MRA sequences covering the entire head were performed on all subjects, with tumor patients additionally receiving a gadolinium enhanced T1 sequence. The imaging parameters were as follows for the T1 and T2 images: TR/TE/TH/=15msec/7msec/1mm for the T1-weighted imaging sequence and TR/TE/TH= 7730msec/80msec/1mm for the T2-weighted images. The inplane resolution was 1 × 1 mm 2 , with an interslice spacing of 1mm for T1 images and 3mm for T2 images.
For obtaining brain vasculature, a 3D time-of-flight MRA sequence was employed. Velocity compensation along both frequency and partition encoding directions was used to minimize signal dephasing induced by the flowing spins. In addition, a magnetization transfer pulse was employed to suppress signal from brain parenchyma while maintaining signal from flowing spins and thus improving the visibility of brain vasculature. The voxel size was 0.5 × 0.5 × 0.8 mm 3 and the entire head was covered. Acquisition parameters included TR=35, TE=3.5, Flip Angle=22, Matrix=309 × 448, FOV=230 × 230.
Image Segmentation
Quantitative measurement of vessel tortuosity requires explicit definition of individual vessels. Our approach also requires delineation of a region of interest, which was here initially defined as the volume defined by the tumor surface. Segmentation of both vessels and tumor was therefore required.
Vessel extraction involved 3 steps: definition of a seed point, automatic extraction of an image intensity ridge representing the vessel's central skeleton, and automatic determination of vessel radius at each skeleton point (12). The output of the program provided sets of directed, 4-dimensional points indicating the (x,y,z) spatial position of each sequential vessel skeleton point and an associated radius at each point. Extracted vessels were then postprocessed to produce connected vessel trees and to exclude noise (13).
Tumor segmentation was performed using either a fully automated method (14) or a partially manual program that segments tumors via polygon drawing and filling on orthogonal cuts through an image volume (15). One patient followed over time had only a tiny, patchy lesion discernible on initial postoperative scan and no detectable tumor on later scans. In this case, the region of interest in the initial scan was manually defined and the tumor margins were then automatically dilated until the defined volume contained four vessels, as has we have done in the past for tiny lesions (6). This same region of interest was then mapped to all subsequent scans of the same patient.
Image Registration
The human vasculature is variable. It is thus impossible to provide a one-to-one vascular mapping between patients for more than a few named vessels. Moreover, vessel attributes vary from location to location within the head. Evaluation of disease thus requires knowledge of the mean and variance of normal vessel attributes within a region of interest. Such mapping across patients requires image registration.
For this study, we decided not to transform the vessels, as affine transformation might alter measurements of tortuosity and other vessel attributes, but rather to deform the region of interest across patients. Vessels were thus analyzed only in their native states. All registrations were performed using Rueckert and Schnabel's mutual information-based registration program (16, 17) . This program permits rigid, affine, and fully deformable registration. For rigid and affine registrations, the output can be saved as a file convertible to a registration matrix. For this project, we employed only rigid and full affine registrations and saved the output matrices.
The T1 image of each subject was registered using a full affine registration to the ICBM T1 brain atlas (18). The additional images of each subject were then rigidly registered to that same patient's T1 image ( Figure 1 ). Lesion coordinates from any tumor patient could then be transformed into the coordinate system of any subject's MRA via a set of matrix multiplications, using matrix inversion when appropriate. This approach requires only a single registration per image, regardless of the number of images to which a region of interest may be mapped.
Vessels traversing the region of interest were clipped to that surface, and analysis was applied only to the vessel segments confined to the region of interest. The current study compared vessel attributes of 34 healthy subjects to those of each tumor patient.
Regions of Interest Used to Determine Spread of Tortuosity Abnormalities
One of the purposes of this report is to explore how vessel morphology changes with distance from the discernible tumor surface. We therefore created sequential, hollow, nonoverlapping shells at increasing distance from the definable tumor surface, and analyzed vessel attributes both within the tumor confines and within each consecutive shell around the tumor.
Following determination of vessel shape within the initial region of interest (the tumor boundaries), the region of interest was automatically dilated by 8 voxels in each dimension (8 mm in each dimension for our 1 × 1 × 1 mm 3 gadolinium enhanced T1 images) using mathematical morphology. The previous, solid region of interest was then subtracted to provide a concentric, 8 mm thick, hollow shell around the tumor. The shell region was then mapped to each healthy subject and the vessel analysis was repeated. This shell dilation process was repeated 10 times to provide 10 concentric, 8 mm thick, hollow shells around each tumor ( Figure 2 ). For peripheral lesions, the method resulted in portions of some shells lying outside of the head. The analysis was not affected by such outlying shells, however, since vessel shape calculation was performed only upon those vessels lying within the region of interest.
Tortuosity and Vessel Density Measures
Our vessel segmentations defined each vessel as an ordered set of 3D points indicating an x,y,z spatial position of the skeleton curve with an associated radius at each point. Each skeleton curve was defined as a spline, which was subsequently subsampled to produce an ordered set of skeleton points regularly spaced at intervals of the length of one voxel.
We employed two distinct tortuosity measures (11). The first metric, the "Sum of Angles Metric" (SOAM), summed the angles between consecutive trios of points along a space curve and normalized by the path length. Results were output as radians/cm. Vessels of high curvature have elevated SOAM values. In particular, the SOAM is effective in detecting high-frequency, low-amplitude coils or sine waves.
The second measure, the "Inflection Count Metric" (ICM), counted "inflection points" along each space curve and multiplied this number (plus one) times the total path length and
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Registration of a subject's images into a common coordinate system using both rigid and affine transformations. By a combination of forward and backward mapping, a region of interest defined from any image can then be mapped into the undeformed space of any other image that has been also mapped to the same common coordinate system. From left to right, the region of interest is the tumor and then ring dilation 1, ring dilation 2, ring dilation 5, and ring dilation 10. Note that the dilations cover a large volume of the head.
then divided by the distance between endpoints. For a 3D space curve, we defined an inflection point as a locus that exhibits a minimum of total curvature. In particular, the Normal and Binormal axes of the Frenet frame (19) change orientation by close to 180º as the frame passes through an inflection point. As a result, one can search for 3D inflection points by identifying large local maxima of the dot product ∆N · ∆N, where N is the unit vector representing the Frenet normal axis, and ∆N represents the difference of the normal axes associated with the consecutive points P k and P k+1 .
Results are output as a dimensionless number. The ICM is effective in detecting larger amplitude curves.
Malignant vessel tortuosity is characterized by an unusual configuration that produces "…many smaller bends upon each larger bend" (7). Malignant tumor vessels therefore tend to exhibit statistically increased tortuosity values by both the SOAM and the ICM (Figure 3 ). More detail on our tortuosity classifications and on the mathematical methods employed to characterize them is available in (11).
A third measure, the "Terminal Branch Count" (TBC), was also analyzed. This metric counts the number of vessels entirely contained within the region of interest. More specifically, a terminal branch is defined as a single, unbranching vessel whose start and end points are each contained within the region of interest and which does not possess any points lying outside of the region of interest (Figure 4 ). Such vessels tend to be short and small in diameter. Hypervascular tumors with vigorous sprouting tend to exhibit an increase in the TBC as compared to the count in the same anatomical region of healthy controls. The terminal branch count thus provides an indirect measure of vessel sprouting.
Statistical Analysis
Because vessel shapes vary from location to location within the head (20), the tortuosity abnormalities induced by a tumor located in a specific region are superimposed upon the healthy tortuosity values present in that same region. We therefore normalized the vessel shape measures obtained for each tumor by the means and standard deviations of the vessel shape measures determined within the same region of interest of the healthy database. Normalization of each tumor value was performed by "z-scoring" each value: (tumor_value -healthy_mean)/healthy_standard_deviation. Under this representation a value of "2.1" indicates a value 2.1 standard deviations above the healthy mean and a value of "-0.5" indicates a value 0.5 standard deviations below the healthy mean. All statistical analyzes were performed upon z-scored values, permitting detection of the same disease in different anatomical locations.
An earlier discriminant analysis performed upon the z-scored shape measures of 22 known malignant tumors and 8 known benign tumors indicated clear separation between the two tumor groups by the statistically determined linear discriminant equation Y = 1.73 · SOAM + 0.37 · ICM -2.84. Tumors were malignant if Y was greater than 0 and were benign otherwise. The current report employed this equation to calculate the likelihood of malignancy within the boundary of GBMs as defined from GAD+ images and within a set of concentric shells around each tumor surface up to a distance of 8 cm.
Validation of Image Processing Results
For the nine untreated GBM patients, the untreated grade III glioma, and the two patients with recurrent disease, image analysis was performed on preoperative images obtained prior to total gross resection of each lesion. Direct correlation was therefore available for the computerized assessment of malignancy of the delineable lesion and the diagnosis given by histopathological examination of the resected tissue.
The patient with clinically stable disease and the patient scanned at multiple time points during therapy have not yet been reoperated upon. There was therefore no direct histopathological confirmation of the image processing results. For these patients, evaluation of the image processing method was therefore done by comparison to the patient's clinical course. Based upon clinical practice guidelines, we selected two months as the time at which the patient should be clinically evaluated following the computerized analysis. If the program indicated quiescent disease and the patient remained clinically stable two months later, we reported the program's analysis as likely correct. If, however, the program indicated quiescent disease and the patient developed neurological deficits or showed enlarge- ment of the lesion by MR within two months, then the program's findings were considered suspect.
We cannot validate the program's findings directly for the concentric shells around the tumor surface, since these areas were not biopsied or resected. However, malignant gliomas are known to extend beyond the enhancing tumor margins seen by MR (21, 22) . We therefore believed it of interest to examine how far beyond the apparent tumor margins vessel tortuosity abnormalities extend both in patients with active disease and in patients in remission. Figure 5 provides an image of segmented vessels displaying the typical tortuosity abnormality seen with malignancy. The distinctive shape is that of "many smaller bends upon each larger bend" (7). Figure 6 provides a graph of malignancy index versus tumor distance in nine GBM patients prior to any treatment. In this and all subsequent graphs, a malignancy index greater than 0 suggests malignancy (with higher values indicating a higher probability of malignancy) and a malignancy score of 0 or less suggests benignity. The value obtained at x = 0 is the malignancy index defined for the vessels lying within the tumor margin. Subsequent values of x provide values obtained within 10 sets of hollow shells at progressive distance from the tumor surface, with the final shell located 8 cm from the tumor surface.
Results
As illustrated by Figure 6 , all tumors showed significant tortuosity abnormalities for those vessels contained within the apparent tumor margins. How far distantly these shape abnormalities extended outside the glioblastoma's enhancing rim was variable, and ranged from a few millimeters to over 3 centimeters. There was no obvious correlation of tumor volume with the distance from the enhancing rim over which vessel abnormalities occurred.
Vessel density measurement as determined by the TBC was also variable in this group of untreated tumors. While most tumors were hypervascular, others fell well within the normovascular range. These differences were likely caused by variability in the tumor volume occupied by necrosis. Figure 7 provides a similar graph of a different patient with an untreated glioma grade III. The program defined the tumor as marginally malignant on the basis of the vessels inside the apparent tumor confines. The malignancy score was lower than that of any of the untreated glioblastomas and the vessel shape changes were confined to the tumor volume defined from MR without extension into the surrounding tissue. rence on MR. The vessel shape measures showed normalization. The white curve resulted from a study three months later, at which time the patient remained neurologically intact with no evidence of recurrence by MR, and was off all therapy. The graph indicates further normalization of vessel shape. The patient remains neurologically intact and asymptomatic off all therapy two months later. Figure 9 illustrates results for a grade III glioma patient who also responded well to therapy. At the time the scan was obtained, she was being treated with anti-angiogenic agents and was felt to have stable disease. Her measures of vessel shape fell well into normal range for all parts of the brain examined.
When a tumor recurs after initially successful treatment vessel shape abnormalities also recur, although these abnormalities may be less marked than those evident prior to wholebrain irradiation and chemotherapy. Figure 10 provides a graph for two GBM patients who underwent resection of a recurrent tumor following initially successful therapy with whole-brain radiation and chemotherapy. In the first patient, vessel shape abnormalities were present not only within the tumor boundaries (as defined from MR) but also in a second region several centimeters away. We do not have biopsy results for this second region. The second patient similarly possessed mild vessel shape abnormalities within the tumor as defined from MR, but with extension of these abnormalities for 2 cm from the apparent tumor surface.
Discussion
Many pathological states affect vessel density and/or morphology, making the use of vessel attributes an appealing means of assessing disease quantitatively and noninvasively. MR perfusion imaging is a well-established technique that measures vessel density primarily at the capillary level. Additional valuable information may be provided by the larger vessels discriminable by MRA, however. Kozinska and colleagues, for example, found that larger multiple sclerosis plaques tend to be located farther from vessels than smaller plaques (23).
The current report employs vessels segmented from high-resolution MRA and describes the use of quantitative measures of vessel tortuosity in determining the level of activity of known malignant gliomas before and during treatment. Abnormal vessel tortuosity has been described in association with a wide variety of malignancies including those of the breast (24), brain (25), colon (26), and lung (27). The shape change is distinctive, may be related to production of VegF (8), and consists of "…a profound sort of tortuosity, with many smaller bends upon each larger bend" (7). By histological section, successful treatment of the underlying tumor results in rapid normalization of these abnormalities (10, 28). Importantly for the purpose of visualization by clinical MR, the shape abnormalities occur not only within the tiny vessels comprising the capillary bed but also within the much larger, initially normal vessels that course in the vicinity of the tumor (10). Indeed, such vessels both dilate and develop abnormal tortuosity patterns well before the appearance of vascular sprouting (10), making the approach potentially appealing for the early detection of cancer or for detecting early recurrence following therapy.
Although abnormalities of vessel shape have frequently been associated with malignancy by histological examination, ves- sel shape measures defined from in vivo medical images have not generally been used for tumor staging. Abnormal vessel tortuosity in association with cancer has indeed been noted on x-ray angiography (29), but the perception of three-dimensional abnormalities on flat, projection images containing significant projection overlap is difficult, and current 3D reconstruction methods often miss the smaller vessels. By MR, complex shapes are difficult to perceive on a slice by slice basis, and the noise inherent to maximum intensity projections makes it difficult to discern small vessels in the vicinity of a tumor. Moreover, the quantitative definition of tortuosity requires explicit definition of vessels from the input image, and methods capable of defining small, faint vessels from noisy image data have become available only recently.
We believe that an analysis of vessel shape may have value both in distinguishing benign from malignant tumors and in assessing the efficacy of cancer treatment early during drug administration. An earlier, blinded study successfully separated benign from malignant tumors in 21/21 cases prior to total gross resection (6). The current report assesses the potential value of the method in monitoring the treatment of malignant gliomas. Although the number of cases is small, all 10 malignant gliomas examined prior to treatment were associated with abnormalities of vessel shape, both of the two patients responsive to therapy showed resolution of shape abnormalities, and the two patients with biopsyproven, known tumor recurrence exhibited vessel abnormalities indicative of malignancy. Figure 8 , which shows progressive resolution of vessel abnormalities during effective therapy in a single patient, is particularly instructive. The tortuosity and malignancy index scores are quantitative. By sequential examination of vessels in the same region over time, one obtains a quantitative, noninvasive measure of how well the treatment is proceeding. How soon the vessel shape abnormalities perceptible by MR recur when the tumor itself begins to regrow is unknown, but both patients with quiescent disease as indicated by the computerized analysis have remained in remission two months after the study. Our preliminary results also suggest that the vessel shape changes associated with tumor recurrence may be less marked than those associated with untreated tumors. It therefore may be useful to follow individual patients over time in order to best interpret the more subtle abnormalities associated with tumor recurrence.
This study includes one untreated glioma grade III, which is a malignant tumor, although less malignant than glioma grade IV (GBM). Grade III gliomas are not associated with marked angiogenesis (25). Our vessel density measurements as determined by TBC are in agreement with the histological diagnosis, and indicate a normovascular pattern. The tortuosity measurements were marginally abnormal, and were less abnormal than those of the glioblastomas. Further cases are required to determine the ability of the approach to distinguish gliomas by grade. However, we believe that the proposed approach will prove complementary to those based purely on vessel density measurements, since vessel shape abnormalities associated with malignancy exist in the absence of dense capillary sprouting (10).
This report also examines the distance from the tumor surface over which vessel shape abnormalities occur. Highly malignant tumors, such as glioblastomas, tend to show vessel abnormalities many millimeters (and often centimeters) away from the tumor surface as defined from MR, although the grade III glioma did not. Since these areas were not biopsied, we cannot confirm the analysis provided by the computer program. Whole-brain sections in animal models will be required to evaluate the computer analysis of these peripheral regions.
A disadvantage of the proposed approach is that it requires high-resolution, high-quality images that display small vessels. We are capable of distinguishing tortuosity abnormalities on MR scans obtained at 0.5 × 0.5 × 0.8 mm 3 , but cannot do so reliably with scans obtained at 0.8 × 0.8 × 1.0 mm 3 . Extension of the method to anatomical regions such as the lung is thus likely to require imaging techniques adapted to prevent blurring of vessels by respiratory motion.
The registration methods employed in this report were based upon alignment of soft tissues and upon affine transformations. This is not the optimal means of aligning vessels, and a fully-deformable, vessel-based method of image registration would be preferable. Our group is currently working on this area of research (30-33). We expect that with improvement of the registration methods our results should be even more clear cut.
In summary, this report describes a new, noninvasive, quantitative method of assessing malignancy and of monitoring the treatment response of malignant gliomas. On theoretical grounds, the method should be sensitive to changes in tumor state and is likely to be independent of vessel density measurements. Although much further work is required, preliminary results are promising.
